). In contrast, AMPA-stimulated mono-ubiquitin-dependent processes. Expression of endocytosis of GluR1 and 2 was completely prevented K48R in neurons severely diminished AMPA-induced by a brief (20 min) pretreatment with the proteasome internalization establishing a role for the proteasome. (Figures 2A-2D ). SimiThese data demonstrate the acute (e.g., minutes) regular inhibition was also observed with a third specific lation of synaptic function by the ubiquitin-proteaproteasome inhibitor, lactacystin (mean fold internalizasome pathway in mammalian neurons. 
Figure 1. Presence of Ubiquitin and the Proteasome in the Soma and Dendrites of Hippocampal Neurons
Shown are dissociated hippocampal neurons immunostained with an antibody directed against ubiquitin (A) or the proteasome (B). The color intensity profile shows the intensity of fluorescence from low (blue-black) to high (white; see color lookup bar in top left image). Images show that both ubiquitin and the proteasome are abundant in both the soma and dendrites of hippocampal neurons. Positive staining is abundant in the dendritic arbor. High-magnification images (below) show intense immunoreactivity in the dendrites and putative spines. Scale bar, 15 m. (C) Some of the proteasome staining (green) overlaps with that of a synaptic marker, synaptophysin (red). In the image shown, 42.7% of the proteasome puncta overlaps with the synaptophysin puncta, and 56.6% of the synaptophysin puncta overlaps with the proteasome.
NMDA-induced internalization observed with protea-
is required for the internalization of GluRs elicited by either synaptically released or bath-applied agonists. some inhibitors indicates that at least part of the internalization mechanism is shared.
The bath application of neurotransmitters to cultured Brief Inhibition of Proteasome Activity Does Not Alter the Pool of Surface GluR1 or 2 hippocampal neurons likely does not faithfully represent the synaptic release of glutamate, since bath-applied As agonist-stimulated targets of the proteasome could participate in the endocytosis, exocytosis, and/or inseragonists can stimulate both synaptic and extrasynaptic receptors (e.g., [18] ). As such, we addressed whether tion of the glutamate receptors, we next examined whether proteasome inhibition alters the pool of surface-expressed the synaptic release of glutamate, elicited by bicuculline treatment, can also stimulate the internalization of AMPA receptors available for endocytosis. Using antibody labeling of live neurons, we compared the amount of GluR1. We found that a 40 min treatment with bicuculline (50 M) caused a ‫-5.3ف‬fold increase in internalized surface GluR1 or GluR2 immunoreactivity following 10 min, 40 min, or 2 hr treatments with MG132. Using the GluR1 relative to unstimulated controls ( Figures 2F and  2G ). These data indicate that the synaptic release of same data acquisition parameters that we used for our internalization experiments, we found that none of the transmitter can also induce the internalization of the receptors. Moreover, we found that the bicuculline-MG132 treatments had a significant effect on the number of either GluR1 or GluR2 receptors detected on the induced internalization was also blocked by a 20 min pretreatment with MG132 ( Figures 2F and 2G 3C and 3D) . Pretreatment of neurons with the pressed at levels 10-to 12-fold higher than endogenous proteasome inhibitor MG132 did not affect the internalubiquitin (Supplemental Figure S3) . In control neurons ized pool of transferrin ( Figures 3C and 3D ). This result expressing EGFP alone, we observed robust (7-to 12-indicates that proteasome activity is not required for the fold) AMPA-induced internalization of both GluR1 and ligand-induced internalization of all receptors in neurons. C) and (D) . n for GluR1: GFP, GFP ϩ AMPA, Ub-K48R ϩ AMPA, n ϭ 30, 64, and 67, respectively; GluR2: GFP, GFP ϩ AMPA, Ub-K48R ϩ AMPA, n ϭ 36, 33, and 43, respectively.
(Figures 4C-4E). In contrast, in neurons expressing To address whether proteasome activity is instructive K48R (SinK48R-IRES-EGFP) the AMPA-induced GluR or permissive for GluR internalization, we manipulated internalization was significantly inhibited (Figures 4C-the duration of proteasome inhibitor pretreatment prior 4E). Because monoubiquitination is allowed in neurons

